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Abstract 
A study was carried out as part of a larger trial into the soil amelioration technique called 
subsoil manuring (SSM). This technique involves the use of a deep ripper to directly place 
organic amendments into the upper layer of the subsoil of duplex soils which have 
significant constraints to crop growth. In this study, soil arthropods were extracted from 
topsoil and subsoil samples from three sites (two irrigated and one dry land) on duplex soils 
in the northern midlands of Tasmania. There were a total of five different SSM treatments: 
control, deep-ripped only, and deep-ripped with a range of organic amendments including 
poultry manure and poppy seed meal. Arthropods were extracted from soil samples using a 
Burlese-Tullgren funnel apparatus and identified to arthropod order. Two orders, acari and 
collembola, were dominant and used for further analysis. The acari were further separated 
into the suborders mesostigmata and oribatida. Data from the sites was collected and 
analysed separately and then the mesostigmatid population between treatments was 
compared across all sites.  There was a significantly higher abundance of mesostigmatid 
mites in the plots that had an organic amendment added to the subsoil. The dryland cereal 
site was more responsive to the treatments compared to the irrigated cropping sites.  
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LITERATURE REVIEW 
A productive agricultural soil is an ecosystem of organisms. The roots of plants, 
fungi, bacteria, microarthropods, earthworms and many other groups of plants and animals 
coexist in a complex food web. These organisms and their products are important to 
agriculture, and their measurement can give an indication of soil health. One size class of 
particular interest in this assemblage of organisms is the mesofauna, consisting mostly of 
the orders acari (mites) and collembola. This group of organisms cannot move soil particles 
and are therefore reliant upon existing pore spaces in the soil for their movement, habitat 
and protection (Lee and Foster, 1991, Gupta, 1994). They are therefore potentially useful 
indicators of the structural condition of the soil, which in turn is a soil characteristic that is 
highly significant to the health of the crop being grown, and a widespread constraint to crop 
yield in Australian agricultural soils. 
Agriculture is an important industry in the high rainfall zone (HRZ) of Australia, a 
region defined by an annual rainfall greater than 500 mm (MacEwan, 2007), and which 
covers parts of southern Australia and much of Tasmania. Agriculture in the HRZ on 
mainland Australia is dominated by cereals (Zhang et al., 2006) and in Tasmania features a 
mixture of cereals and vegetable cropping (Cotching et al., 2001). Tasmania’s growing 
season is longer and cooler than the HRZ cropping areas of the mainland, with recognised 
potential for increased production (Zhang et al., 2006)., Extensive irrigation and high inputs 
are features of Tasmania’s HRZ cropping region (Lisson and Cotching, 2011). Intensive 
vegetable cropping in Tasmania has been carried out on the stable and resilient red ferrosols 
of the north-west for many decades, but increased water storage, large centre-pivot 
irrigators, powerful farm machinery and the high value of crop products is extending that 
land use into the duplex, or texture contrast, soils of the midlands, used mostly for grazing 
until relatively recently (Cotching et al., 2001, Zhang et al., 2006). These duplex soils 
present many challenges for agriculture, mostly because of the structure of the subsoil. 
A technique specifically designed to ameliorate duplex subsoils, termed Subsoil 
Manuring (SSM), has been trialed in dry-land HRZ cereal cropping areas in Victoria, and is 
now undergoing trials in the northern midlands of Tasmania. The physical and chemical 
changes to the soil, and the impact on crop yield, have been analysed as part of the Victorian 
project (Gill et al., 2012), but no work has been reported on the biology of the soil after SSM 
treatment. This review will outline the nature of duplex soils and their limitations, discuss 
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the Victorian SSM trials and the recent Tasmanian work, give a brief background of soil 
biology and its interaction with soil fertility, and examine the value of using soil 
microarthropods as indicator organisms to study the impact of SSM on soil structure and 
biology. 
Duplex Soils 
Duplex soils are characterised by a strong and clear texture contrast between the A 
and B horizons (Northcote et al., 1975), and a subsoil that has a higher bulk density and is 
more clay rich than the topsoil. They often have a sodic subsoil and occupy roughly 20% of 
Australia’s land area (Chittleborough, 1992), dominating the agricultural landscape in 
southern Australia (Figure 1) (Anderson, 1992, Gardner et al., 1992). Many of Tasmania’s 
cultivated soils are duplex soils, yet they are generally considered unproductive soils 
(Belford et al., 1992, Dracup et al., 1992, Turner, 1992, Zhang et al., 2006). 
Figure 1. Sodosol (left) and chromosol (right) [duplex] soil distribution in Australia. 
(CSIRO, 2014) 
Constraints 
The particular challenges duplex soils present for agricultural production have been 
well reviewed (Anderson, 1992, Turner, 1992, Jayawardane and Chan, 1994, Zhang et al., 
2006) and can be summarised as: waterlogging, mechanical impedance to root growth, 
compaction, sodicity and erosion. 
The primary causes of these challenges are shallow topsoils and the less permeable 
nature of the B horizon and the high density and strength of the clay within it. This 
contributes to the most important constraints experienced by crops, that of waterlogging and 
restricted root growth (Dracup et al., 1992). Root penetration into the subsoil is prevented 
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or limited, leading to under-developed root systems, and limiting plant access to water and 
nutrients, particularly subsoil water (Dracup et al., 1992, Edwards, 1992, Gardner et al., 
1992). 
Plants growing in conditions of compaction and mechanical impedance to root 
growth are more stressed and susceptible to disease (Allmaras et al., 1988, Gardner et al., 
1992) and have low water use efficiency (Ellington, 1986). This may not necessarily reduce 
yield if there is sufficient water and nutrients in the topsoil (Wong and Asseng, 2007), but 
is usually detrimental. 
Waterlogging is found to varying degrees in duplex soils of the HRZ (McFarlane 
and Cox, 1992, Armstrong et al., 2015) and is caused by low hydraulic conductivity in the 
dense subsoil layer – as little as 1-2 mm per day moves between topsoil and subsoil 
(Gardner, 1990). It is very damaging to plant roots, depriving them of oxygen, reducing or 
stalling water and nutrient uptake (particularly nitrogen), restricting growth, causing 
anaerobic respiration and ultimately, the death of parts of the root system (Allmaras et al., 
1988, Gardner, 1990, Anderson, 1992). Under waterlogged conditions, soil bacteria cause 
denitrification, converting soil nitrate to gaseous nitrogen which is unavailable to plants, and 
sometimes creating toxic compounds (Allmaras et al., 1988, Gardner, 1990). The excess 
water can also leach plant nutrients from the soil, taking them out of the root zone of the 
crop (Dracup et al., 1992). Waterlogging in duplex soils can also limit vehicle and machinery 
use, delaying or preventing work crucial to optimal crop performance and health (Edwards, 
1992). 
The types of land degradation commonly associated with agriculture, such as 
erosion, compaction, acidification and salinization are often more acute on duplex soils than 
other soil types (Dracup et al., 1992). Because of shallow topsoils and poor plant growth 
(McFarlane and Cox, 1992), duplex soils are prone to wind erosion (Edwards, 1992), 
compounding the existing problems of shallow root systems and waterlogging (Dracup et 
al., 1992). Erosion from rain can also be significant on sloping land (Gardner et al., 1992, 
McFarlane and Cox, 1992). These flows of excess water can cause or exacerbate salinity, a 
landscape scale problem in Australian agriculture (Brouwer and Vandegraaff, 1988, 
Passioura, 1992). The agricultural history on many of Australia’s duplex soils has left a 
legacy of degradation on what was already a constrained soil (Ellington, 1986, Gardner et 







Figure 2. A soil map of an area of the northern midlands around Longford, Tasmania, with 
a key to the dominant duplex soils. (2014) 
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Current Approaches to Amelioration 
The effectiveness of methods of subsoil amelioration of duplex soils, detailed below, 
varies across seasons, sites and crop, and cannot always be relied upon to produce yield 
improvements (McFarlane and Cox, 1992, Jayawardane and Chan, 1994), making it difficult 
to justify expensive interventions. However, carefully tailored site-specific solutions that 
address multiple issues have been shown to overcome most of the yield limitations of these 
soils (Anderson, 1992). 
Plant-based approaches using deep-rooted primer species and crop rotations can be 
important for managing duplex soils (Gardner, 1990, Gardner et al., 1992, Cresswell and 
Kirkegaard, 1995, Nuttall et al., 2008, McDonald et al., 2012, Real et al., 2012). Plant 
cultivars can also be developed with tolerances to some subsoil constraints (Graham et al., 
1992). 
Surface or subsurface drains are an expensive but very effective and widely applied 
management option for duplex soils that suffer from intermittent waterlogging (McFarlane 
and Cox, 1992, Brussaard, 1997, Zhang et al., 2006). They cannot, however, be used on land 
without some slope, limiting their application (Graham et al., 1992), and they require 
frequent maintenance (Zhang et al., 2006, Cotching, 2009). 
Gypsum has been shown to chemically stabilise small soil aggregates (Blackwell et 
al., 1991) and gypsum and lime are widely used as soil amendments in various ways, such 
as surface applications or combining with deep ripping or slotting, to improve dense and 
sodic subsoils (Ellington, 1986, Jayawardane et al., 1987, Bennett et al., 2015). Trials using 
these methods sometimes show an increase in yield, particularly in the short term, but often 
have very mixed results, usually attributed to rapid leaching and careless follow-on 
management such as over-irrigation or heavy farm traffic over the cultivated area (Gardner, 
1990, Graham et al., 1992, McFarlane and Cox, 1992, Jayawardane and Chan, 1994, Gill et 
al., 2008, Cotching, 2009, Gill et al., 2009, Gill et al., 2012, Bennett et al., 2015). 
Soil conservation measures such as direct drilling, minimum tillage, retaining and 
building soil organic matter, retaining stubble, pasture leys, crop legumes, deep-rooted plant 
species, careful management of livestock and grazing and controlled traffic are important 
for developing, maintaining and restoring structure (Ellington, 1986, Anderson, 1992, 
Edwards, 1992, Gardner et al., 1992, McHugh et al., 2009, Armstrong et al., 2015, McPhee 
et al., 2015). Permanent raised beds are a notable combination of these methods, allowing 
good drainage and structure with no traffic on the growing area, reliably increasing yield 
(Jayawardane and Chan, 1994, Zhang et al., 2006). These practices improve soil water use 
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(Armstrong et al., 2015) and minimise the harm caused by waterlogging by allowing the soil 
to re-aerate more quickly (Allmaras et al., 1988, Gardner, 1990, McFarlane and Cox, 1992). 
Effective internal soil drainage is vitally important and relies on good soil structure with 
pore space continuity (Cotching, 2009). 
Another approach to improving crop performance on duplex soils is the addition of 
organic material. Organic material and biological activity in the soil stabilises aggregates 
and creates channels called macropores, the crucial structural element that facilitates plant 
root growth, gas exchange and internal soil drainage after waterlogging (Gardner, 1990, 
Soane, 1990, Hinsinger et al., 2009). Increasing the size, number and stability of macropores 
is an important amelioration approach for duplex soils (McFarlane and Cox, 1992), and 
requires a combined approach of reduced compaction from traffic, irrigation and rain, 
chemical amelioration, reduced tillage and the addition of organic matter (Jayawardane and 
Chan, 1994). These measures greatly benefit the soil structure and, importantly, soil 
organisms such as earthworms, further improving, restoring and stabilising macroporosity 
(Lee and Foster, 1991, Gardner et al., 1992, McHugh et al., 2009). 
Armstrong et al. (2007) found that adding composted pig bedding to a wheat crop 
on a duplex soil increased crop growth and had a positive effect that lasted for three years. 
A further study compared the application of pig bedding, raised beds and deep ripping with 
gypsum. All treatments had potential for long term yield increases through lowering of the 
water table and improving soil structure, yet like most studies on duplex soils, results were 
not clear cut, and environmental factors sometimes overwhelmed the treatments (Armstrong 
et al., 2015). Chemical fertilisers do increase crop growth and therefore organic material 
deposited in situ. However, manures and other sources of bulk organic material appear to 
have an advantage over chemical fertilisers as, in addition to plant nutrients they also add 
soil organic matter which has a beneficial effect on soil porosity, stability, biology, bulk 
density and plant root growth (Haynes and Naidu, 1998, Edmeades, 2003). They are also 
more stable and less vulnerable to leaching and throughflow (Passioura, 1992). Edmeades 
(2003), however, found no long-term benefits to crop production from using manures rather 
than chemical fertilisers. 
A further development of using bulk organic material to ameliorate duplex soils is 
to introduce it directly into the subsoil. Graham and Ascher (1993) found that placing plant 
nutrients and organic material in the subsoil had a higher and longer lasting yield response, 
and increased root growth at depth, compared to adding them to the topsoil. A series of 
incubation studies (Clark et al., 2007, Clark et al., 2009) has shown that organic amendments 
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in subsoil increase carbon, chemical fertility, aggregate formation, biological activity and 
root proliferation. 
Subsoil Manuring 
In 2005, as part of a wheat cropping trial on a duplex soil in western Victoria,  Gill 
et al. (2008) developed a new method of introducing organic material into the subsoil which 
they termed subsoil manuring (SSM). They compared the effect of deep ripping with and 
without the incorporation of gypsum and organic material 30-40cm below the surface using 
a tractor mounted ripper and delivery attachment. The grain yields from the organic 
amendment plots were between 27% and 96% higher than control plots. In addition, the 
organically amended plots showed: increased use of water from the subsoil, higher uptake 
of nitrogen into the plant, delayed senescence, increased macroporosity between the rip lines 
in the subsoil, decreased subsoil bulk density, and significantly increased root growth into 
deeper layers of the soil as well as between the rip lines (Gill et al., 2008, Gill et al., 2009). 
The organic amendments placed into the subsoil had a number of beneficial effects. 
They provided a continuous supply of extra nitrogen for the crop, which increased root 
growth and allowed roots to colonise the subsoil, extracting water and further ameliorating 
the subsoil, allowing for even deeper root penetration (Gill et al., 2009). The material also 
provided a substrate for microbial activity, which has a beneficial effect on soil aggregation, 
increasing macroporosity (Clark et al., 2007). Plant roots and microbial activity are closely 
associated in soil and are mutually beneficial (Cresswell and Kirkegaard, 1995). Gill et al. 
(2009) conclude “the subsoil aggregation, and associated improvements in macroporosity, 
bulk density and water conductivity that occurred in the 20-40 cm soil layers, are the likely 
products of biological activity emanating both from the mineralization of the organic 
amendments, and the rhizosphere exudates of wheat roots that grew in these deeper soil 
layers.” 
The 2005 SSM treatments increased rainfall infiltration and subsoil water storage, 
increased available nitrogen and grew bigger plants with better root systems, allowing them 
to access the deeper water at the critical maturation phase of their growth (Gill et al., 2012). 
In 2006 and 2007, wheat and canola crops were grown in the same trial sites and, despite 
adverse rainfall conditions, SSM treatments showed roughly 50% increased yields 
compared to controls, with no further subsoil amendments applied. The ongoing results 
indicate that the subsoil improvements are significant and long-lasting. The authors attribute 
these results to increased capture and use of deep subsoil water, increased nutrient supply 
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and reduction of subsoil waterlogging. An important result of their work was an increase in 
soil porosity and root growth in amended subsoils at their trial sites. This occurred not only 
where the amendments were placed in the rip line, but also between the rip lines, which were 
50 cm apart. They speculate that the amendments greatly increased plant root growth and 
bacterial activity. The roots, having a continuous nutrient supply, could grow vigorously 
around the amendment, and also penetrate into the dense clay subsoil, creating a substrate 
for increased bacterial activity in the rhizosphere. Roots and bacteria secrete mucilages and 
polysaccharides that stabilize soil aggregates. Increased root growth also increases subsoil 
water extraction creating further opportunities for root penetration as well as further 
increased porosity and improved hydraulic conductivity and oxygen diffusion (Gill et al., 
2009). As soil structure is one of the most production limiting factors of duplex soils 
(Gardner et al., 1992, Passioura, 1992), these biological improvements are important to 
explore further. 
SSM has now been assessed in field trials in the northern midlands of Tasmania. 
Most of the trial sites were on duplex soils, although a limited number of deep sand sites 
were also included. Most of the Tasmanian sites are under centre-pivot irrigation, whereas 
the SSM work undertaken on duplex soils to date has been associated with dry land cereal 
production. These trials will indicate if the benefits observed in Victoria can be transferred 
to an irrigated annual cropping environment. 
SSM trials so far undertaken have not explored the role or reaction of soil biology to 
the technique. Soil biology is an important and little understood element of agricultural soil 
health and productivity (Brussaard, 1997).  
Soil Biology 
Soil is made by, and home to, an extensive ecosystem of organisms and their 
products. While much of the diversity, relationships and functioning of these organisms is 
still opaque to science, it is widely accepted that a diverse and thriving soil population leads 
to healthier, more resilient and more productive soil (Brussaard, 1997, Altieri, 1999, 
McDonald and Rodgers, 2010). Managing soils to protect the biodiversity of soil organisms 
may be one of the best tools we have to protect and maintain our soils and foster truly 
sustainable agriculture (Lee and Pankhurst, 1992). 
Numerous researchers (Wood, 1989, Lee and Foster, 1991, Lee and Pankhurst, 1992, 
Roper and Gupta, 1995, Brussaard, 1997, Altieri, 1999, Horner-Devine et al., 2004, 
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Kibblewhite et al., 2008) have outlined how soil organisms increase the productivity of soil 
by virtue of a number of functions they perform, such as: 
 Decomposition – breakdown of organic material, excreting waste products and
creating humus and other compounds beneficial to soil structure, fertility and water
infiltration and storage.
 Nutrient cycling – soil organisms, particularly bacteria, perform mineral
transformations, often making nutrients available for plant growth.
 Disease and pest suppression – a naturally diverse soil ecosystem will maintain
balanced populations, helping to reduce disease and pest outbreak.
 Bioturbation – larger soil organisms and plant roots create channels and pores in
the soil, allowing greater water penetration, aeration and habitat for smaller
organisms. They also transport organic material from the surface into the soil
profile.
 Restoration – soil organisms can repair damage and environmental degradation.
Soil organisms are closely associated with soil organic matter and so are usually more 
abundant in the upper layers of the soil (Burges and Raw, 1967, Gupta, 1994), although this 
relationship is not always observed in the field (Ives et al., 2011). The rhizosphere is the 
area of soil surrounding and influenced by plant roots and is an important area of heightened 
biological activity (Wood, 1989, Hinsinger et al., 2009). Root exudates and dead root tissue 
in this zone make up a significant proportion of the organic matter input into soils (Lee and 
Pankhurst, 1992). 
In agricultural soils, more tillage generally means a lower population and diversity 
of soil organisms (Roper and Gupta, 1995, Altieri, 1999, Cotching et al., 2001, Paoletti et 
al., 2007), although Castro et al. (2015) found that while conventional tillage reduced 
earthworm numbers, soil microarthropods increased. Tillage increases erosion, simplifies 
and homogenises structure, reduces organic matter and disrupts and destroys earthworm 
burrows (Lee and Foster, 1991, Lee and Pankhurst, 1992, Roper and Gupta, 1995, Altieri, 
1999). Practices that reduce or eliminate tillage and maintain or increase organic matter 
greatly increase soil biological activity (Roper and Gupta, 1995, Altieri, 1999). Reducing 
compaction through controlling vehicle traffic also greatly benefits soil structure (Zhang et 
al., 2006, McHugh et al., 2009, McPhee et al., 2015) and consequently benefits soil 
organisms and root penetration (Rodgers, D., unpublished data). 
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There are many groups of organisms in the soil, and they can be usefully divided 
into three groups by body length: Anderson (1988). 
 Microflora/fauna <100 µm 
This group includes fungi, actinomycetes, bacteria, protozoans, amoebae, algae and 
cyanobacteria. They are only visible through a high powered microscope. Fungi has 
the highest biomass, but is outnumbered by bacteria, which are probably the most 
functionally important organisms in the soil ecosystem (Burges and Raw, 1967, 
Horner-Devine et al., 2004). 
 Mesofauna 100 µm – 2mm 
This group is sometimes called microarthropods or soil arthropods and includes 
mesostigmatid mites, oribatid mites and collembola. They are generally visible 
through a stereo microscope and vary widely in size from about 0.25mm to 10mm. 
Many are detritivores, breaking down and consuming raw organic material, making 
an important contribution to microbial activity and nutrient cycling (Paoletti et al., 
2007). As this group of soil organisms is the focus of this study, they will be 
discussed in more detail in the following section. 
 Macrofauna >2mm 
Earthworms, ants, termites, large insects and vertebrate animals have an extensive 
impact on soil. Earthworms are widespread globally, and their burrows are important 
to the macroporosity of soil and greatly influence aeration and water infiltration (Lee 
and Foster, 1991, Lee and Pankhurst, 1992). Earthworm casts stimulate microbial 
activity in the soil and contribute to aggregation (Lee and Foster, 1991). 
The abundance and diversity of soil organisms is such that sampling and studying them in 
any comprehensive way is effectively impossible. To observe changes in soil using soil 
organisms, it is necessary to choose a smaller group to act as indicator organisms (Elliot, 
1997). 
Soil Arthropods 
An indicator species should be widespread, representative, functionally important 
and responsive to physical, chemical and biological properties of the environment in a 
repeatable, predictable way (Elliot, 1997). Mesofauna have been shown to meet these 
criteria (Doran and Zeiss, 2000, Greenslade, 2007, Paoletti et al., 2007, Andres et al., 2011, 
Camilo Bedano et al., 2011, Cardoso et al., 2013). It is true that soil bacteria are abundant, 
diverse and functionally important in the soil, however, they are very difficult to study in 
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detail, even with very technical genetic techniques (Horner-Devine et al., 2004). The 
mesofauna are an abundant and diverse group and occupy a key role in the food web of 
almost all agricultural soils in Australia, making them a valuable, though under-utilised, 
indicator of soil health (Crossley et al., 1992, Beaulieu and Weeks, 2007, Greenslade, 2007).  
They can also be identified and counted with simpler and less expensive equipment.  
Mites and collembola are the most important and populous members of the 
mesofauna (Wood, 1989) and useful for indicating general soil biological condition 
(Akimov and Tarashchuk, 1998). They contribute to nutrient cycling in the soil in complex 
and synergistic ways (Lee and Pankhurst, 1992). Mesostigmatid mites are mostly predators 
of other soil organisms, although many species are unknown and unstudied (Beaulieu and 
Weeks, 2007). Oribatid mites and collembolans are detritivores that mostly consume fungi 
and microfauna (Lee and Pankhurst, 1992, Paoletti et al., 2007). Collectively, mites and 
collembola, referred to as microarthropods, form a convenient cohort for study due to their 
similar size, complex life histories and broad range of habitats (Behan-Pelletier, 2003). 
This group are generally found in the surface 10 cm of the soil, and their occurrence 
declines rapidly with depth (Lee and Foster, 1991, Gupta, 1994). As they are unable to move 
soil, the microarthropods are confined to pre-existing pore spaces and do not directly  (Lee 
and Foster, 1991, Gupta, 1994)  and so are sensitive to soil quality and agricultural practices 
that effect structure (Beaulieu and Weeks, 2007). They do not directly influence soil 
structure, except through the deposition of faecal pellets which increase bacterial growth 
and division (Lee and Foster, 1991) and greatly increase the distribution of fungal spores 
(Paoletti et al., 2007) facilitating soil aggregate formation and stability (King and 
Hutchinson, 2007, Clark et al., 2009). The fragmentation of organic material carried out by 
the microarthropods is an important factor in the rate of organic matter breakdown, with a 
significant influence on carbon to nitrogen ratio in the soil, and therefore plant nutrition, soil 
carbon and other important processes (Cardoso et al., 2013, Soong et al., 2016). 
A limitation of using soil arthropods as indicators is our lack of detailed taxonomy, 
with many species being currently unknown to science (Brussaard, 1997, Paoletti et al., 
2007). It is also recognised that sampling and collection techniques for soil flora can often 
give an incomplete result, due to their small size and mobility (Lee and Pankhurst, 1992). 
However, studies have found mesofauna abundance to be strongly influenced by pore size, 
heterogeneity, volume and connectivity (Lee and Foster, 1991, Gupta, 1994, Akimov and 
Tarashchuk, 1998, Vreeken-Buijs et al., 1998, King and Hutchinson, 2007, Nielsen et al., 
2008). Soil mesofauna, or microarthropods, therefore, may be used as indicators for porosity 
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(Greenslade, 2007, Paoletti et al., 2007). Porosity is crucial to plant growth as it facilitates 
aeration and gas exchange for roots and internal soil drainage and is also created and 
maintained by plant roots (Soane, 1990, Hinsinger et al., 2009).  
Soil arthropods have great potential as sensitive and reliable comparative 
bioindicators (Greenslade, 2007, Paoletti et al., 2007, Camilo Bedano et al., 2011), and their 
study reveals important aspects of the fertility, and particularly the structural quality, of the 
soil (Camilo Bedano et al., 2011). 
Conclusion 
Soil structure modulates soil moisture, temperature and aeration. This affects plant 
roots and soil organisms, which in turn create and maintain soil structure by the formation 
and stabilisation of soil aggregates and macropores (Lee and Pankhurst, 1992, Roper and 
Gupta, 1995, Altieri, 1999, Kibblewhite et al., 2008). Soil structure is a key element for plant 
health and productivity and is the primary limitation to root growth in the subsoil of duplex 
soils.  
To improve the structure of the subsoil, the practices of reduced or zero-till, 
controlled traffic and permanent raised beds have proven benefits (Zhang et al., 2006, Peries 
and Gill, 2011). SSM seems to be a promising technique to add to this best-practice toolkit 
for duplex soils, particularly when its results are compared with the variable and often short-
lived benefits achieved with various approaches that use lime and gypsum. Sale and 
Malcolm (2014) report that even though SSM is expensive, the significant and long-lasting 
effects returned positive economic results to the farms in the Victorian trials. Practices that 
benefit soil structure also improve soil biological activity and the abundance of soil 
organisms, as well as productivity and landscape scale soil security. 
One of the impacts of SSM is greater root exploration of the subsoil, leading to much 
larger and deeper root systems (Gill et al., 2009). This expanded rhizosphere probably 
increases the abundance of soil organisms, and roots and organisms together work to 
maintain and improve subsoil structure, contributing to the long term benefits of SSM. 
Soil arthropods are a useful indicator species for studying structural changes. The 
elements that benefit soil arthropods, such as porosity, organic material and aeration, are 
also important to crop growth, and so the study of soil arthropods and their response to SSM 
will likely yield useful insights into the effect of SSM in Tasmania, alongside the analysis 
of yield and soil physical and chemical properties undertaken by the broader project. These 
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trials will further the work of producing accurate, reliable information that farmers can use 
to make sound decisions about the management of their business and land. 
One result of their work was an increase in soil porosity and root growth in amended 
subsoils at their trial sites. This occurred not only where the amendments were placed in the 
rip line, but also between the rip lines, which were 50 cm apart. They speculate that the 
amendments greatly increased plant root growth and bacterial activity. The roots, having a 
continuous nutrient supply, could grow vigorously around the amendment, and also 
penetrate into the dense clay subsoil, creating a substrate for increased bacterial activity in 
the rhizosphere. Roots and bacteria secrete mucilages and polysaccharides that stabilize soil 
aggregates. Increased root growth also increases subsoil water extraction creating further 
opportunities for root penetration as well as further increased porosity and improved 
hydraulic conductivity and oxygen diffusion (Gill et al., 2009). As soil structure is one of 
the most production limiting factors of duplex soils (Gardner et al., 1992, Passioura, 1992), 




This thesis reports on a study of soil arthropods carried out as part of a larger project 
investigating the effect of subsoil manuring (SSM) on Tasmanian farms in the northern 
midlands during 2015 and 2016. SSM is a recent agricultural innovation developed to 
ameliorate duplex soils for enhanced grain production in the Victorian HRZ. The Tasmanian 
SSM project involved six sites growing irrigated vegetables (four on duplex soils and two 
on deep sands) and one site growing dry land grain. 
This paper addresses the research question: does the new technique of subsoil 
manuring have a measurable impact on soil arthropods in cultivated duplex soils in 
Tasmania? Three of the sites from the Tasmanian SSM project were chosen to undertake a 
study of the impact SSM has on soil microarthropods, or mesofauna, populations as an 
indicator of soil structure. Mesofauna have been shown to be bioindicators of soil structure 
(Greenslade, 2007, Paoletti et al., 2007), in particular, porosity (Lee and Foster, 1991, Gupta, 
1994, Akimov and Tarashchuk, 1998, Vreeken-Buijs et al., 1998, King and Hutchinson, 
2007, Nielsen et al., 2008), which is crucial to, and influenced by, plant growth (Soane, 
1990, Hinsinger et al., 2009). Structure and porosity are major limiting factors to crop yield 
in the duplex soils that dominate the northern midlands and other agricultural regions of 
Tasmania and southern Australia (Zhang et al., 2006). 
1. PROJECT AIMS
 To investigate differences in the relative abundance and ordinal assemblage of soil
arthropod fauna in the topsoil and subsoil of untreated (control) and treated (SSM)
trial plots at field sites with subsoil constraints.
 To determine if SSM has a measurable impact on soil arthropods.
 To compare the influence of the different materials used for SSM on soil arthropod
abundance and diversity.
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2. MATERIALS AND METHODS
SSM involves the placement of organic amendments into the upper layers of the
subsoil using a modified deep ripper (Figure 3). The deep ripper has a large hopper mounted 
above two vertical tubes that are fixed to the back of the ripping tines. The amendment 
material flows from the hopper, through the tubes, and into the soil at the ripping depth, 
which is in the top 5 cm of the subsoil, or in some soils, into the A2 horizon; usually 20 - 30 
cm below the surface.  
Figure 3. The Tasmanian SSM machine in operation. 
2.1 Site Descriptions 
Three sites in the northern midlands (Figure 4) were selected from the TIA subsoil 
manuring trial sites, all of which have duplex soils with a loam to sandy-loam topsoil and 
clay-rich subsoil. Two of the sites grew irrigated vegetables, and one grew dry land grain. 
Figure 4. The three trial sites in the northern midlands. 
16 
“Esk Vale”, Epping Forest 


















26-165 Subsoil 8 67 31 0.5 Clay 
This was a dry land site growing wheat. The SSM amendment was applied only eight 
days before the wheat crop was sown. It had some cultivation traffic over the rip lines before 
sowing, but after beds were formed for the crop, all traffic was controlled to the furrows 
between the beds. The soil arthropod sampling occurred in the following autumn, four 
months after the harvest of the wheat crop, as at the time of harvest, the soil was dry and 
hard, and likely devoid of soil organisms. 
“Bluegong”, Poatina. 


















0-100 Topsoil 24 13 11 53 3.0 Loam 
Sodosol 
190-290 Subsoil 20 26 16 38 0.51 
Clay 
loam 
The amendment was placed into the subsoil in late summer at “Bluegong”, after 
harvest of grass seed. The grass was kept as pasture and grazed by cattle over the winter. 
The paddock was cultivated twice before the pea crop was sown late the following spring 
(18 Nov 2015). Sampling was carried out just prior to harvest in order to allow the subsoil 
amendment the entire growing season to influence the soil properties, and to coincide with 
the sampling of soil physical and chemical properties as part of the broader SSM project 
monitoring. 
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“Woollen Park”, Longford 


















0-100 Topsoil 20 16 38 26 4.7 Loam 
Dermosol 
200-300 Subsoil 14 39 27 21 1.3 Clay 
This site had raised beds, and consequently, controlled traffic management from bed 
formation for the rest of the season. On the 29th and 30th of January, 2016, 10 days before 
sampling, the site received 117 mm of rain over two days (Bureau of Meteorology) which 
completely waterlogged the subsoil. Sampling was carried out just before harvest of the 
carrot seed in order to give the amendment the full season to influence the subsoil, and to 
coincide with sampling of soil physical and chemical properties as part of the broader project 
monitoring activities. 
2.2 Experimental design and treatments 
Each site was established as a randomised complete block design, with four treatments 
and four replications. Treatments at each site included: 
 No treatment other than the commercial practices (control)
 Deep ripped with no amendment added
 Deep ripped with poultry manure added
 Deep ripped with poultry manure and wheat chaff (“Esk Vale” only)
 Deep ripped with poppy seed meal added (“Woollen Park” and “Bluegong”)
Trial plans for the three sites are shown in Figures 5 – 7. 
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Figure 5.  The plot layout at “Esk Vale”; plots marked with * were sampled for this study. 
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Figure 6. Plot layout at "Bluegong", Poatina. 
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Table 4. Site details for the three sampling locations. 
Table 5. Key components of the chemical analysis of the SSM amendments used. P, K and 













Poppy seed meal 51 5047 6394 3354 4.8 11 

















19th May 2015 11th February 2015 1st February 2015 
SSM 
amendments 
Poultry manure at  
40 m3/ha 
Poultry manure with 
added wheat chaff at 
40 m3/ha 
Poultry manure at  
35 m3/ha 
Poppy seed meal at 
17 m3/ha 
Poultry manure at  
25 m3/ha 





17th May 2016 20th January 2016 9th February 2016 
Crop 
Wheat, harvested 
14th January 2016. 
Peas, one week from 
harvest at sampling 
date. 
Carrot seed, after male 
plant removal, one day 
before windrowing at 
sampling. 




Random farm traffic 





The centre of each treatment plot was located and marked using RTK survey. The 
location of the rip lines was measured from this mark mid-way along the length of the plot. 
In each plot, a soil core was taken from the topsoil immediately above the rip line. Topsoil 
samples were taken upon arrival at the site, within as small a time window as possible to 
minimize variation in light, temperature and moisture conditions over the topsoil sampling 
period. A PVC core of 965.2 cm3 volume was used to take the top soil samples (Figure 8). 
A second soil sample was taken from the upper zone of the subsoil. This was the 
depth of amendment placement, and was usually 20-30cm below the surface. The nature of 
the texture contrast duplex soils made it clear where the subsoil began and this sampling 
depth was determined visually. Subsoil samples were taken with five steel cores of 205.3 
cm3 volume each (total sample size = 1026.6 cm3) and the use of a drop hammer (Figure 8). 
The PVC core would have been unable to penetrate the high density subsoil, and five cores 
were used in order to closely match the volume of the topsoil samples. 
          
Figure 8. Topsoil sampling at "Woollen Park" (left) and subsoil sampling at "Bluegong" (right). 
A total of 24 samples were collected from each site, 12 from the topsoil and 12 from 
the subsoil. This number was determined by the number of funnels available in the arthropod 
extracting apparatus, and represented four treatments by three replications. All samples were 
emptied from the soil cores into labeled paper bags and stored in cool, shaded conditions 
until the extraction process was carried out later in the day. 
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2.3 Sample processing 
The samples were transported to the laboratory at the TIA 
Vegetable Research Facility at ‘Forthside’, weighed, and the soil 
placed into the Burlese-Tullgren funnel apparatus (Fig. 9). This 
consisted of a sieve to hold the soil, a funnel and, attached to the 
bottom of the funnel, a small jar of ethanol. Above the sieve there 
was a 50 W halogen light bulb that slowly warmed and dried the 
soil from the surface and caused the soil organisms to move 
downwards, eventually falling into the funnel and were preserved 
in the jar of ethanol. Under advice (Denis Rodgers, pers. comm.), 
the apparatus ran for 48 hours continuously. On completion of the 
extraction process, the temperature 1 cm below the surface of the 
soil sample was measured, as well as the temperature of the soil at the bottom of the sample 
(Table 6). The jars were then sealed and the soil weighed again, with those weights being 
used to calculate estimated volumetric water content. There was an exception to this process 
with the “Esk Vale” samples as, after 48 hours they were clearly not dry, and so ran for a 
further 80 hours. The cooler conditions of May, when the sampling was done, may have 
influenced the drying rate of the “Esk Vale” samples. 
Table 6. The average soil temperatures at the top and bottom of the sample in the funnel 
apparatus at the conclusion of the arthropod extraction. 
Site Bottom of sample (°C) Top of sample (°C) 
“Esk Vale” 38.3 54.4 
“Bluegong” 46.3 62.6 
“Woollen Park” 42.5 59.7 
Table 7. An estimation of the mean soil volumetric water content (g/cm3) of soil samples 
using the wet/dry weights from the extraction process. 
Site topsoil subsoil 
“Esk Vale” 29.5 26.3 
“Bluegong” 11.0 8.5 
“Woollen Park” 26.2 33.2 
Figure 9. One of the 24 
funnels in the Burlese-
Tullgren apparatus used 
to extract arthropods. 
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The preserved soil organisms were transported to the 
laboratory at the UTAS Cradle Coast Campus. A specially 
designed PVC counting dish (Figure 10) provided by D. 
Rodgers was used with a stereo microscope at 63x 
magnification to count the organisms collected and identify 
them to order and in some cases, suborder. The identification 
was carried out with the aid of several resources (Brown, 
1978, McDonald and Rodgers, 2010, Srivastava and Chen, 
2012). Identifying this group of organisms to species level is complicated by incomplete 
taxonomy and outside the scope of this project and the expertise of the author. 
2.4 Data Analysis 
The program SAS v9.3 was used to carry out analyses of variances on the data. Sites 
were analysed separately as randomized block designs with three replicates, four SSM 
treatments (1, 2, 3, 4) and two depths (A, B). Proc mixed was used for all ANOVAs. Where 
the results were significant (p < 0.05) or close to significant, the pairwise comparisons using 
Tukey’s method was used to adjust the p values. After converting all abundance figures to 
organisms/cm3, and using only the three dominant groups of arthropods, the following 
factors were tested: total abundance, mesostigmatid abundance, oribatid abundance, 
collembolan abundance and the ratios of each group to the total abundances. The sites were 
then combined for an analysis of the mesostigmatid population across sites. Treatments with 
amendments and treatments without amendments were then combined for a comparison of 
mesostigmatid abundance across all sites. 
3. RESULTS 
3.1 Abundances 
The following charts are solely of the dominant arthropod groups, the suborder 
oribatida (herbivorous mites), suborder mesostigmata (predatory mites) and order 
collembola (fungivorous/omnivorous springtails). Very few organisms of other orders were 
found. Numerical figures of all the arthropods found in the samples are in Appendix 1. 
Abundances have been converted to organisms/cm3. 
Figure 10. The custom-
made grooved dish for 
counting soil arthropods. 
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Figure 11. The average number of soil arthropods, extracted from each treatment at the three 
sites. This chart includes an outlier (Bluegong 3), and standard error was too large to mark 
on this chart. The treatments on the x axis are: 1. Control; 2. Ripped with no amendment; 3. 
Ripped with poultry manure added; 4. Ripped with poppy seed meal added (“Bluegong” and 
“Woollen Park”) or, ripped with poultry manure and wheat chaff added (“Esk Vale”). 
One of the subsoil samples from treatment 3 at “Bluegong” was considered an 
outlier, with a total of close to 7,000 arthropods, thousands more than any other sample 
(Figure 11). It was removed from the data analysis and further charts. 
Figure 12. The average number of soil arthropods extracted from each treatment at three 
sites with standard error shown. The treatments on the x axis are: 1. Control; 2. Ripped with 
no amendment; 3. Ripped with poultry manure added; 4. Ripped with poppy seed meal 
added (“Bluegong” and “Woollen Park”) or, ripped with poultry manure and wheat chaff 
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Figure 12 shows the overall abundance of the three soil arthropod orders sorted by 
depth of sampling and treatment. “Esk Vale” has the highest abundances in the subsoil, with 
subsoil arthropod abundances higher than topsoil abundances in the SSM amended 
treatments. All three sites have the lowest subsoil abundances in treatment 2, the rip-only 
treatment. It is clear that the number of organisms at “Woollen Park” was very low compared 
to the other sites. This chart also shows how large the standard error was in the data. 
Figure 13 – Figure 15 show the abundances by order at each site. It is clear that the 
higher subsoil abundances at “Esk Vale” were driven by the mesostigmata and oribatida 
suborders, and these two groups responded to the subsoil treatments, whereas the 
collembolan showed a reduction in the subsoil of the rip-only treatment, but no apparent 
response to the SSM. 
“Bluegong” had much higher numbers of arthropods in the topsoil, mostly 
mesostigmatids and collembolans. The mesostigmatids showed an increase in the subsoil of 
treatment 3, poultry manure. 
“Woollen Park” showed a similar pattern to “Bluegong”, in that the mesostigmatids 
responded positively to the SSM treatment, but the other groups did not. The oribatida had 
higher numbers in the relatively undisturbed control plot. 
 





























Figure 14. Abundances from “Bluegong” sorted into arthropod orders showing standard 
error bars. 
Figure 15. Abundances from “Woollen Park” sorted into arthropod orders showing 














































3.2 Ordinal composition of the subsoil 
Charts (Figure 16 – Figure 18) show the proportions of each of the main arthropod 
orders in the subsoil samples only. All three sites showed an increased dominance of 
mesostigmatid mites in subsoils treated with poultry manure. “Woollen Park” had very 
strong oribatid dominance in the subsoil of the control treatment. 
“Esk Vale” 
Figure 16. The ratios of arthropod orders in the subsoil samples at “Esk Vale”. 
“Bluegong” 
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Figure 18. The ratios of arthropod orders in the subsoil samples at “Woollen Park”. 
 
 Figure 16 – Figure 18 show that the mesostigmatid mites became more dominant in 
the subsoils of the amended plots, with a stronger effect in treatment 3. 
 
 
Figure 19. Mesostigmatid abundance across all three sites and both soil depths, including 
standard error bars. Different letters indicate statistical significance. 
When the mesostigmatid abundances were combined across sites and soil depths, 
there was a statistically significant difference between treatment 2 and treatment 3 (Figure 
19). Treatment 4 is not included in the chart as it would be a combination of two different 
amendment types. The difference in the subsoil between treatments 1 and 3 and treatments 

































Analysis of the other arthropod groups or total abundance data showed no statistically 
significant comparisons. 
Figure 20. Mesostigmatid abundance in topsoil, subsoil and combined, across all three sites 
with treatments without amendments and treatments with amendments combined. Different 
letters above same depths indicate statistical significance. 
A further aggregation of data pooling all amended treatments and all non-amended 
treatments shows that the mesostigmatid population is significantly higher across all three 
sites in the treatments with amendments. As above, there were no significant differences in 
the other groups of arthropods, nor the total arthropod abundance. 
4. DISCUSSION
Despite the absence of statistical significance in some comparisons, the results above 
suggest that SSM may be altering the subsoil biology of these sites. The usual pattern of 
distribution for soil organisms is for higher abundances in the topsoil, where there is a higher 
level of soil carbon, the basic input of soil food webs (Lee and Foster, 1991, Gupta, 1994, 
Scharroba et al., 2016). However, in amended plots at “Esk Vale”, abundances were higher 
in the subsoil (Figure 12). For the oribatida at “Esk Vale”, abundance was consistently 
higher in the subsoil of all plots, even the control (Figure 13). The outlier from “Bluegong”, 
with many thousands of organisms, was also in the subsoil of an amended plot. 
Other studies have shown that adding organic amendments to a site does generally 



























al., 1995, Bunemann et al., 2006) and manure is known to have a positive effect on 
microarthropods (Kautz et al., 2006). It is difficult, however, to make direct comparisons to 
other work, as most studies of soil arthropods analyse samples from soil no deeper than the 
surface 10 - 15 cm. This study was mostly interested in soil arthropods at 20 – 25 cm depth 
where the SSM amendment was placed. No other studies that sampled arthropods at these 
depths were found in the literature. Also, most studies report arthropod numbers in 
organisms/m2, with a variable depth that is set by the soil core used and sometimes not 
mentioned at all (e.g. (Anderson, 1988) whereas this study has chosen to report numbers in 
organisms/cm3. 
The following discussion breaks down the results into several points in the context 
of the existing literature. 
4.1 Ordinal differences 
The three orders of arthropods that were the focus of this study all have a dependence 
on soil porosity and they usually have a close association with soil organic matter (Treonis 
et al., 2010, Camilo Bedano et al., 2011, Achat et al., 2012, Manhaes et al., 2013) and the 
rhizosphere (Achat et al., 2012). They differ in their life histories and patterns of response 
to disturbance and changes in the soil. 
 
Collembolans are dietary generalists, grazing microorganisms, fungi 
and other organic matter (Manhaes et al., 2013). Collembola have a 
high rate of reproduction, short lives and relatively rapid responses to 
change (Behan-Pelletier, 2003). The abundances of Collembola did 
not react in a detectable way to any of the treatments in this study. 
They were more abundant in the topsoil samples, which fits the 
expectation that there are higher abundances of soil organisms in the topsoil (Burges and 
Raw, 1967, Gupta, 1994, King and Hutchinson, 2007, Manhaes et al., 2013). It is possible 
that high numbers of predatory mesostigmatids were reducing the abundance of 
collembolans, an effect observed by Schneider and Maraun (2009) who observed a 56% 




Oribatid mites are considered the most important detritivores 
to the soil decomposition process (Paoletti et al., 2007). They 
can live for as long as seven years, have a slow rate of 
reproduction (with egg development ranging from two 
months to two years in cold climates), they are generally slow 
to respond to changes, and are detrimentally affected by soil disturbance (Behan-Pelletier, 
2003, Paoletti et al., 2007, Gulvik et al., 2008). A dominant oribatid population is associated 
with a stable mite population and undisturbed soil (Behan-Pelletier, 2003, Gulvik et al., 
2008). Oribatid mites are very closely associated with soil organic matter, which is usually 
highest closer to the surface of the soil (Gulvik et al., 2008). At the Esk Vale site, numbers 
of Oribatid mites were higher in the subsoil samples, with the highest populations being 
found in the poultry manure treatment. Even the control, however, had higher numbers of 
Oribatids in the subsoil, a result that differs from the literature. The other two sites had fairly 
low numbers of oribatids, particularly Bluegong, which may be due to the low organic C 
content of the soil (Table 2). This group was very dominant in the relatively undisturbed 
subsoil of treatment 1 at “Woollen Park” (Figure 18), similar to Gulvik et al. (2008). Adult 
oribatid mites are thought to be immune to predation by mesostigmatid predators due to their 
sclerotized exoskeleton. Schneider and Maraun (2009), however, found that, similar to 
Collembola, their abundance decreased by 52% compared to the control when high numbers 
of predatory mites were present in an incubation study, probably, according to the authors, 
because of predation on juveniles that are less sclerotised than adults, or species that are less 
sclerotised. 
 
Mesostigmatid mites have a high rate of reproduction, 
short lives and relatively rapid responses to change and 
are usually numerically dominant in agroecosystems 
(Behan-Pelletier, 2003). They are predatory, and feed on 
nematodes, collembolans, soft-bodied mites and other 
small insects (Behan-Pelletier, 2003, Gulvik et al., 2008). Predators are important top-down 
influencers on soil populations and can influence composition and diversity (Schneider and 
Maraun, 2009) This group responded significantly to soil treatments in this study. They 
showed an increased dominance in the amended subsoils (Figure 16 – Figure 18), and higher 
abundances in the poultry manure amended subsoils (Figure 13 – Figure 15). Mueller et al. 
(1990) also found that predatory mites were more dominant in buried plant material than in 
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surface litter. Badejo et al. (1995) could not find any relationship between numbers of 
predators and numbers of detritivores, which they attributed to the complexity of the soil 
food web, whereas Vreeken-Buijs et al. (1998) and Gulvik et al. (2008) found a strong 
correlation to prey species. Although Vreeken-Buijs et al. (1998) found no significant 
relationship between mesostigmatids and land use, Gulvik et al. (2008) found a high ratio 
of mesostigmatid mites in more disturbed sites, as this study found, and King and 
Hutchinson (2007) found rapidly reproducing mites to be unaffected by cultivation.  
4.2 Site differences 
There were several major differences between the sites that undoubtedly had an 
impact on the arthropod populations in the soil. Soil organisms are affected by crop type, 
irrigation, season of sampling, cultivation and site conditions on the sampling day. For 
example, Vreeken-Buijs et al. (1998) found higher abundances of microarthropods in 
grasslands compared to forests and cropping fields, and Scharroba et al. (2016) found that 
the crop and litter type had a significant impact on soil organisms, even below the root zone. 
The soil moisture measurements in Table 7 are not scientifically robust, as the 
samples were not kiln dried in the usual way, and there were minor losses of soil from the 
sample during the extraction process. However, they do suggest that there were differences 
in soil moisture conditions. “Bluegong” had much lower soil moisture than the other two 
sites, a possible causal factor of the low arthropod counts in the subsoil samples of that site. 
The moisture content at “Woollen Park” was high, as this site was inundated 10 days before 
sampling and was visibly waterlogged, and at “Esk Vale”, the high soil moisture was 
probably a feature of the season (autumn) in which sampling took place. 
Sampling was carried out in summer at “Bluegong” and “Woollen Park” and in 
autumn at “Esk Vale”. It is recognized that soil faunal communities change through the year 
(Osler et al., 2000, Manhaes et al., 2013) and their numbers can fluctuate within a year more 
than the fluctuations between years (van Straalen, 1998). Studies have shown higher 
abundances in spring and autumn (Anderson, 1988) and this may be one of the reasons that 
“Esk Vale” had higher arthropod counts than the other sites. “Esk Vale” was a bare fallow 
at the time of sampling. Badejo et al. (1995) found that bare fallow had relatively low 
numbers of soil detritivores compared to mulched plots, only extracting, on average, 0.1 
oribatid and collembolan per cm3 in the topsoil. This is comparable to the topsoil oribatida 
and collembola numbers extracted at “Esk Vale” (Figure 13), suggesting that the abundances 
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recorded in this trial were generally low, which is a feature of cropping soils (Vreeken-Buijs 
et al., 1998).  
 In the literature, there is a general trend of cultivation reducing abundance of 
the mesofauna (Anderson, 1988, Hulsmann and Wolters, 1998, Behan-Pelletier, 2003, King 
and Hutchinson, 2007). Figure 12 shows that there is a pattern in the data supporting this, 
with most treatment 2 plots, which were deep ripped but not amended, showing a lower 
abundance. The controlled traffic used at “Esk Vale”, compared with the more random farm 
traffic at “Bluegong”, may also have contributed to higher arthropod abundances. Research 
awaiting publication has shown a relationship between reduced compaction from machinery 
traffic and increased arthropod abundances (Rodgers et al. unpublished data). 
 Probably the most important differences in the sites were those of irrigation and crop 
type. The two irrigated sites – “Bluegong” and “Woollen Park” – grew peas and carrots 
respectively, both tap-rooted monocotyledonous plants. “Esk Vale” had grown a fibrous 
rooted cereal crop, wheat, under rain-fed conditions. There are several aspects of these 
differences in production system that affect microarthropods.  
 The primary influence on root depth is soil moisture (Klepper, 1991). Plants will 
mine the subsoil only if the topsoil layer is deficient, particularly in moisture, so that plants 
growing in irrigated sites with constant topsoil moisture will produce more of their roots in 
the surface layer (Klepper, 1991, Gan et al., 2009, Achat et al., 2012). Once the plant roots 
are in the subsoil, a self-sustaining ecology of microorganisms, roots and larger soil 
organisms could theoretically be created, such as exists in the surface layers. The numbers 
of arthropods found in the subsoil at “Esk Vale” may reflect this. 
Dicotyledonous plants and monocotyledonous plants have different root systems and 
so different effects on the soil. Tap-rooted dicotyledons have been shown to create more 
macropores (>2mm), and contribute more carbon to the soil under irrigated conditions 
(Hulugalle et al., 2012).The finer and more densely rooted monocotyledons, like cereals, 
can create a much higher diversity of pore sizes and induce more drying of the soil with their 
many fibrous axes, which further creates small pores (Bodner et al., 2014). Soil arthropods 
show a positive relationship to the heterogeneous porosity that cereal plant roots generate 
(Nielsen et al., 2008), a finding which is supported by the abundance of arthropods in the 
subsoil of Esk Vale. 
 Plants can respond to mineral nutrients and organic material at depth by lateral root 
proliferation (Graham and Ascher, 1993, Zhang and Forde, 2000, Clark et al., 2007, Leskiw 
et al., 2012), also known as root plasticity, an ability that differs between species (Farley 
34 
and Fitter, 1999) and is more often reported for monocotyledonous plants than tap rooted 
dicotyledons (Thorup-Kristensen and van den Boogaard, 1999). The roots would need to 
reach the SSM amendment to respond in this way, and so a moisture deficit in the topsoil is 
probably important for prompting deeper root exploration. “Esk Vale”, the rain-fed site, had 
grown a fibrous rooted wheat crop and showed the most noticeable arthropod response to 
SSM, suggesting that SSM may be most effective when combined with cereals and rain-fed 
cropping, such as in Victoria where SSM has produced large yield increases (Gill et al., 
2012). 
Dicotyledons, with their taproot, are generally better than monocotyledons at 
penetrating dense soils, although no species have been found that can reliably pierce strong 
duplex subsoils (Cresswell and Kirkegaard, 1995, Bodner et al., 2014). Carrot roots can 
reach as far as 1.6m into the soil if unimpeded, with up to 60% of those roots growing below 
30 cm (Thorup-Kristensen and van den Boogaard, 1999, Westerveld et al., 2006). Gan et al. 
(2009) compared wheat and pea roots, and found pea roots to have much less below ground 
biomass, and lower root mass at depths of 60 cm and below. Fan et al. (2016) reviewed the 
known root distributions of common crops in temperate agriculture and showed that all had 
50% of their roots in the surface 20 cm, but cereal crops had a zone of root concentration at 
50 – 100 cm, and peas at 60 – 70 cm, with cereals having a deeper maximum rooting depth 
than peas. Carrots were not included in the review. With its ability to grow a large amount 
of root biomass at depth, the carrot crop at “Woollen Park” may have assisted an arthropod 
response to SSM if the soil had not been waterlogged. The wheat crop at “Esk Vale” was 
harvested months before soil sampling, but likely contributed to the high numbers of 
arthropods found at depth, and “Bluegong” showed low arthropod abundance in the subsoil. 
4.3 Amendments 
When comparing the two amendments used with SSM, the trend in the data of this study 
shows that poultry manure had more of an effect on soil arthropod abundance than poppy 
seed meal, which was treatment four at “Bluegong” and “Woollen Park” (Figure 12. The 
average number of soil arthropods extracted from each treatment at three sites with standard 
error shown. The treatments on the x axis are: 1. Control; 2. Ripped with no amendment; 3. 
Ripped with poultry manure added; 4. Ripped with poppy seed meal added (“Bluegong” and 
“Woollen Park”) or, ripped with poultry manure and wheat chaff added (“Esk Vale”)., or 
the poultry manure and wheat chaff mix which was treatment 4 at “Esk Vale”. Table 5 shows 
part of the chemical composition of the two amendments. 
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There are very few scientific studies on poppy seed meal as a soil amendment. 
Zaccardelli et al. (2013) found that two different seed meals, sunflower and a brassicacae 
species, increased bacterial activity, but only for two months. Poppy products have useful 
amounts of plant nutrients, particularly phosphorous and potassium, and can increase soil 
nitrogen in the short term (Hardie and Cotching, 2009, Ives et al., 2011). Hardie and 
Cotching (2009) observed poppy mulch increased soil aggregate stability, but not 
penetration resistance, and soil carbon only increased with very high application rates of 200 
m3/ha. Both Hardie and Cotching (2009) and Ives et al. (2011) noted that the time frame of 
their respective studies, one year, was not long enough to properly observe changes in soil 
physical properties and soil carbon. The sampling for this study was carried out one year 
after SSM application and so is possibly similarly limited. 
Poultry manure is a more widely used amendment in agriculture and increases plant 
nutrition and microbial activity (Delgado et al., 2012, Malik et al., 2013). The results of this 
study show that the poultry manure amendments had a positive impact on arthropod 
abundance, and particularly mesostigmatid mites. This is a similar finding to Atungwu et al. 
(2012) who observed composted poultry manure increased microarthropod populations 
46.7% – 82.4%, driven mostly by predatory mites, and also reduced nematode disease and 
increased yield of soybeans. 
Both poultry manure and poppy seed meal showed some positive effect on soil 
arthropods in the subsoil of these sites. There are other practical considerations for their use 
in the field, such as availability, cost and transport. 
4.4 Study Limitations 
Certain elements of this study have contributed to the lack of statistical significance 
in the results. Some could be improved for future work and some are inherent limitations of 
the subject matter. Many studies of soil arthropods have found very high levels of variability 
in the data (Osler et al., 2000, Schneider and Maraun, 2009, Treonis et al., 2010, Camilo 
Bedano et al., 2011) and studies of mesofauna do not reliably generate statistically 
significant results (Vreeken-Buijs et al., 1998, Behan-Pelletier, 2003, Schneider and 
Maraun, 2009). There is a case to be made, according to (Godwin et al., 2015) for using a 
significance of p<0.1, rather than the widely used p<0.05, in agricultural field studies. More 
of the comparisons in this study would have reached statistical significance if this were the 
case, and as those authors point out, most land managers would be satisfied with that level 
of probability when making practical decisions. 
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Soil arthropod populations fluctuate seasonally, with soil moisture and plant residue 
availability, and their populations can respond to changes in environment in as little as 1-2 
days (Gupta, 1994). They have a patchy, non-continuous distribution in the soil profile 
(Brussaard, 1997), and so taking a representative sample of the soil profile is difficult. 
 The resolution of this study, identifying to order only, was low due to time and 
expertise limitations. This is not uncommon in arthropod studies Gulvik et al. (2008) and 
Badejo et al. (1995). Other researchers state that the most effective taxonomic level for 
indicators of soil condition is species (Behan-Pelletier, 2003, Parisi et al., 2005). The 
taxonomy of microarthropods, however, is far from complete, particularly in the southern 
hemisphere (Behan-Pelletier, 2003, Paoletti et al., 2007). 
 The Burlese-Tullgren funnel apparatus is a widely used tool to extract soil 
arthropods, and the available model had 24 funnels which limited the number of samples 
that could be taken, thereby limiting the replication degrees of freedom in the analysis. 
Advice on the funnels’ operation was followed, but it was later found in the literature that 
extraction should run for at least five days (Parisi et al., 2005). It was not known at the time 
that the original advice given was based on experience with red ferrosol soils, which are 
free-draining, and should have been amended to adapt to the duplex soils in this study. The 
“Esk Vale” samples were run for a much longer time than the other two sites, due to obvious 
moisture remaining in the samples after 48 hours, and the higher abundances from that site 
could be partly due to the extra extraction time. The samples from the other sites did appear 
dry to the author at the conclusion of the extraction process, so it is only speculation that a 
longer extraction time may have resulted in improved extraction. 
 “Woollen Park” was a promising site for response to SSM due to the use of 
permanent raised beds and controlled traffic – a management approach found to decrease 
bulk density and improve soil structure (McPhee et al., 2015) and increase soil arthropod 
abundance (Rodgers, D. unpublished data). The major rainfall event 10 days before 
sampling, and the subsequent saturated conditions in both topsoil and subsoil, likely had a 
strong negative effect on results at this site. The subsoil waterlogging was visually obvious 
and widespread and the number of arthropods extracted was very low (Figure 12), reflecting 




Porosity is the element of structure most relevant to both soil organisms and plant growth 
(Soane, 1990). The results from this study support other findings that subsoil manuring 
(SSM) can improve porosity, and therefore conditions for crop growth on duplex soils. 
Subsoil improvement is easier to achieve in dryland cereal cropping than in irrigated 
vegetable cropping, probably because of the fibrous root system and adjacent rhizosphere 
of the cereal crop seeking moisture at depth in the soil profile. 
 Given the naturally high variability of populations, effective and reliable use of 
mesofauna as an indicator of soil structure on duplex soils may require a more intensive 
study with more samples and replications, seasonal calibration and repetitions over different 
seasons and with different crops. Although there is consensus that invertebrates are 
important for maintaining soils and their fertility, there is little agreement on which group 
or aspect of their population structure provides the best measurement of their functioning 
(King and Hutchinson, 2007, Paoletti et al., 2007). There is also a lack of observations of 
soil arthropods in the soil profile below 15 – 20 cm. As this study found arthropods in high 
numbers, even in the control treatments, at 20 – 25 cm, there needs to be baseline work 
carried out in order to make valid comparisons. This study found that the mesostigmatid 
mites showed the most significant response to SSM and so may be a good bioindicator for 
studies of subsoils in the northern midlands. As predators, they respond to changes in soil 
structure, as well as prey availability, integrating the effects of SSM. 
Poor soil structure is a major impediment to agriculture in the northern midlands, but 
is also a widespread limitation in other regions and situations such as traffic induced 
compaction, industrial reclamation and land rehabilitation (Leskiw et al., 2012). Alleviating 
poor structure benefits the crop, the decomposer food web, which has a suppressive effect 
on disease and pest organisms (Treonis et al., 2010), carbon and nitrogen cycling, and plant 
nutrition. SSM can improve subsoil porosity and biological activity, particularly with a high 
nutrient amendment like poultry manure, as shown by the increase in the mesostigmatid 
population in this study, and so is a valuable technique for growers with subsoil limitations. 
The functioning of the soil ecology is the crucial element to ameliorating subsoil limitations 
long-term (Young and Crawford, 2004, Clark et al., 2009). Soil biology builds and maintains 
porosity that facilitates the ecology of the mesofauna, as well as facilitating other services 
of the agroecosystem and preventing landscape scale damage such as erosion, nutrient 
leaching and salinity. 
38 
REFERENCES 
ACHAT, D. L., AUGUSTO, L., BAKKER, M. R., GALLET-BUDYNEK, A. & MOREL, 
C. 2012. Microbial processes controlling P availability in forest spodosols as
affected by soil depth and soil properties. Soil Biology & Biochemistry, 44, 39-48.
AKIMOV, I. A. & TARASHCHUK, M. V. 1998. Microarthropods as indicators of 
recultivation processes of the soil. Vestnik Zoologii, 32, 15-22. 
ALLMARAS, R. R., KRAFT, J. M. & MILLER, D. E. 1988. Effects of soil compaction and 
incorporated crop residue on root health. Annual Review of Phytopathology, 26, 219-
243. 
ALTIERI, M. A. 1999. The ecological role of biodiversity in agroecosystems. Agriculture 
Ecosystems & Environment, 74, 19-31. 
ANDERSON, J. M. 1988. Spatiotemporal effects of invertebrates on soil processes. Biology 
and Fertility of Soils, 6, 216-227. 
ANDERSON, W. K. F., R.J.; SEYMOUR, M. 1992. Yield responses of wheat and oher 
crops to agronomic practices on duplex soils compared with other soils in Western 
Australia. Australian Journal of Experimental Agriculture, 32, 963-70. 
ANDRES, P., MATEOS, E., TARRASON, D., CABRERA, C. & FIGUEROLA, B. 2011. 
Effects of digested, composted, and thermally dried sewage sludge on soil 
microbiota and mesofauna. Applied Soil Ecology, 48, 236-242. 
ARMSTRONG, R. D., EAGLE, C. & FLOOD, R. 2015. Improving grain yields on a sodic 
clay soil in a temperate, medium-rainfall cropping environment. Crop & Pasture 
Science, 66, 492-505. 
ARMSTRONG, R. D., EAGLE, C., MATASSA, V. & JARWAL, S. D. 2007. Application 
of composted pig bedding litter on a Vertosol and Sodosol soil. 1. Effect on crop 
growth and soil water. Australian Journal of Experimental Agriculture, 47, 689-699. 
ATUNGWU, J., LAWAL, O., AFOLAMI, S. & ADEJUYIGBE, C. 2012. Appraisal of 
composts for suppression of Meloidogyne species and enrichment of micro-
arthropods in soybean fields. Biological Agriculture & Horticulture, 28, 101-110. 
BADEJO, M. A., TIAN, G. L. & BRUSSAARD, L. 1995. Effect of various mulches on soil 
microarthropods under a maize crop. Biology and Fertility of Soils, 20, 294-298. 
BEAULIEU, F. & WEEKS, A. R. 2007. Free-living mesostigmatic mites in Australia: their 
roles in biological control and bioindication. Australian Journal of Experimental 
Agriculture, 47, 460-478. 
BEHAN-PELLETIER, V. M. 2003. Acari and Collembola biodiversity in Canadian 
agricultural soils. Canadian Journal of Soil Science, 83, 279-288. 
BELFORD, R. K., DRACUP, M. & TENNANT, D. 1992. Limitations to growth and yield 
of cereal and lupin crops on duplex soils. Australian Journal of Experimental 
Agriculture, 32, 929-945. 
BENNETT, J. M., CATTLE, S. R. & SINGH, B. 2015. The Efficacy of Lime, Gypsum and 
Their Combination to Ameliorate Sodicity in Irrigated Cropping Soils in the Lachlan 
Valley of New South Wales. Arid Land Research and Management, 29, 17-40. 
BLACKWELL, P. S., JAYAWARDANE, N. S., GREEN, T. W., WOOD, J. T., 
BLACKWELL, J. & BEATTY, H. J. 1991. Subsoil macropore space of a transitional 
red-brown earth after either deep tillage, bypsum or both. 1. Physical effects and 
short-term changes. Australian Journal of Soil Research, 29, 123-140. 
BODNER, G., LEITNER, D. & KAUL, H. P. 2014. Coarse and fine root plants affect pore 
size distributions differently. Plant and Soil, 380, 133-151. 
BROUWER, J. & VANDEGRAAFF, R. H. M. 1988. Readjusting the water-balance to 
combat dryland salting in southern Australia - changing the hydrology of a texture 
contrast soil by deep ripping Agricultural Water Management, 14, 287-298. 
39 
 
BROWN, A. L. 1978. Ecology of Soil Organisms, London, Heinemann Educational Books 
Ltd. 
BRUSSAARD, L. 1997. Biodiversity and Ecosystem Functioning in Soil. Ambio, 26, 563-
570. 
BUNEMANN, E. K., SCHWENKE, G. D. & VAN ZWIETEN, L. 2006. Impact of 
agricultural inputs on soil organisms - a review. Australian Journal of Soil Research, 
44, 379-406. 
BURGES, A. & RAW, F. (eds.) 1967. Soil Biology, London: Academic Press Inc. 
CAMILO BEDANO, J., DOMINGUEZ, A. & AROLFO, R. 2011. Assessment of soil 
biological degradation using mesofauna. Soil & Tillage Research, 117, 55-60. 
CARDOSO, B. N., JURANDY, E.,, VASCONCELLOS, F., BINI, R. L., DANIEL, HORTA 
MIYAUCHI, M. Y., DOS SANTOS, C. A., LOPES ALVES, P. R., DE PAULA, A. 
M., NAKATANI, A. S., PEREIRA, J. D. M. & NOGUEIRA, M. A. 2013. Soil 
health: looking for suitable indicators. What should be considered to assess the 
effects of use and management on soil health? Scientia Agricola, 70, 274-289. 
CASTRO, J., LAGO, M. C. F., BRIONES, M. J. I., GALLEGO, P. P. & BARREAL, M. E. 
2015. Effects of agricultural practices on soil fauna communities in kiwifruit 
plantations. In: HUANG, E. D. & ZHANG, Q. (eds.) Acta Horticulturae. 
CHITTLEBOROUGH, D. J. 1992. Formation and pedology of duplex soils. Australian 
Journal of Experimental Agriculture, 32, 815-825. 
CLARK, G. J., DODGSHUN, N., SALE, P. W. G. & TANG, C. 2007. Changes in chemical 
and biological properties of a sodic clay subsoil with addition of organic 
amendments. Soil Biology & Biochemistry, 39, 2806-2817. 
CLARK, G. J., SALE, P. W. G. & TANG, C. 2009. Organic amendments initiate the 
formation and stabilisation of macroaggregates in a high clay sodic soil. Australian 
Journal of Soil Research, 47, 770-780. 
COTCHING, B. 2009. Soil Health for Farming in Tasmania, Devonport, Bill Cotching. 
COTCHING, W. E., COOPER, J., SPARROW, L. A., MCCORKELL, B. E. & ROWLEY, 
W. 2001. Effects of agricultural management on sodosols in northern Tasmania. 
Australian Journal of Soil Research, 39, 711-735. 
CRESSWELL, H. P. & KIRKEGAARD, J. A. 1995. Subsoil amelioration by plant-roots - 
the process and the evidence. Australian Journal of Soil Research, 33, 221-239. 
CROSSLEY, D. A., JR., MUELLER, B. R. & PERDUE, J. C. 1992. Biodiversity of 
microarthropods in agricultural soils: relations to processes. Agriculture, Ecosystems 
& Environment, 40, 37-46. 
CSIRO. 2014. The Australian Soil Classification [Online]. CSIRO. Available: 
http://www.clw.csiro.au/aclep/asc_re_on_line/soilkey.htm [Accessed 15/04/2016]. 
D.P.I.P.W.E. 2014. Soil Maps of Tasmania [Online]. Tasmania: Department of Primary 
Industries, Parks, Water and the Environment. Available: 
http://dpipwe.tas.gov.au/agriculture/land-management-soils/land-and-soil-resource-
assessment/soil-maps-of-tasmania [Accessed 17/08/2016]. 
DELGADO, M., RODRIGUEZ, C., MARTIN, J. V., DE IMPERIAL, R. M. & ALONSO, 
F. 2012. Environmental assay on the effect of poultry manure application on soil 
organisms in agroecosystems. Science of the Total Environment, 416, 532-535. 
DORAN, J. W. & ZEISS, M. R. 2000. Soil health and sustainability: managing the biotic 
component of soil quality. Applied Soil Ecology, 15, 3-11. 
DRACUP, M., BELFORD, R. K. & GREGORY, P. J. 1992. Constraints to root-growth of 
wheat and lupin crops in duplex soils. Australian Journal of Experimental 
Agriculture, 32, 947-961. 
40 
 
EDMEADES, D. C. 2003. The long-term effects of manures and fertilisers on soil 
productivity and quality: a review. Nutrient Cycling in Agroecosystems, 66, 165-180. 
EDWARDS, I. 1992. Farming duplex soils - a farmers perspective. Australian Journal of 
Experimental Agriculture, 32, 811-814. 
ELLINGTON, A. 1986. Effects of deep ripping, direct drilling, gypsum and lime on soils, 
wheat growth and yield. Soil & Tillage Research, 8, 29-49. 
ELLIOT, E. T. 1997. Rationale for developing bioindicators of soil health. In: 
PANKHURST, C. E., DOUBE, B. M. & GUPTA, V. V. S. R. (eds.) Biological 
Indicators of Soil Health. Wallingford, UK: CAB International. 
FAN, J. L., MCCONKEY, B., WANG, H. & JANZEN, H. 2016. Root distribution by depth 
for temperate agricultural crops. Field Crops Research, 189, 68-74. 
FARLEY, R. A. & FITTER, A. H. 1999. The responses of seven co-occurring woodland 
herbaceous perennials to localized nutrient-rich patches. Journal of Ecology, 87, 
849-859. 
GAN, Y. T., CAMPBELL, C. A., JANZEN, H. H., LEMKE, R., LIU, L. P., BASNYAT, P. 
& MCDONALD, C. L. 2009. Root mass for oilseed and pulse crops: Growth and 
distribution in the soil profile. Canadian Journal of Plant Science, 89, 883-893. 
GARDNER, W. K. Coping with waterlogging in the high rainfall zones of southern 
Australia.  Proceedings of the Fifth Australian Agronomy Conference Perth, 1990 
Perth. 154-9. 
GARDNER, W. K., FAWCETT, R. G., STEED, G. R., PRATLEY, J. E., WHITFIELD, D. 
M. & VANREES, H. 1992. Crop production on duplex soils in south-eastern 
Australia. Australian Journal of Experimental Agriculture, 32, 915-927. 
GILL, J. S., CLARK, G. J., SALE, P. W. G., PERIES, R. R. & TANG, C. 2012. Deep 
placement of organic amendments in dense sodic subsoil increases summer fallow 
efficiency and the use of deep soil water by crops. Plant Soil, 359, 57-69. 
GILL, J. S., SALE, P. W. G., PERIES, R. R. & TANG, C. 2009. Changes in soil physical 
properties and crop root growth following incorporation of organic amendments. 
Field Crops Research, 114, 137-146. 
GILL, J. S., SALE, P. W. G. & TANG, C. 2008. Amelioration of dense sodic subsoil using 
organic amendments increases wheat yield more than using gypsum in a high rainfall 
zone of southern Australia. Field Crops Research, 107, 265-275. 
GODWIN, R., MISIEWICZ, P., WHITE, D., SMITH, E., CHAMEN, T., 
GALAMBOSOVA, J. & STOBART, R. 2015. Results from recent traffic systems 
research and the implications for future work. Acta Technologica Agriculturae, 3, 
57-63. 
GRAHAM, R. D. & ASCHER, J. S. 1993. Nutritional Limitations of Subsoils. 
GRAHAM, R. D., TURNER, N. C. & ASCHER, J. S. Evidence for subsoil constraints and 
potential benefits from amelioration.  Proceedings of the National Workshop on 
Subsoil Constraints to Root Growth and High Soil Water and Nutrient Use by Plants, 
1992 Tanunda, South Australia. 
GREENSLADE, P. 2007. The potential of Collembola to act as indicators of landscape 
stress in Australia. Australian Journal of Experimental Agriculture, 47, 424-434. 
GULVIK, M. E., BLOSZYK, J., AUSTAD, I., BAJACZYK, R. & PIWCZYNSKI, D. 2008. 
Abundance and diversity of soil microarthropod communities related to different 
land use regime in a traditional farm in Western Norway. Polish Journal of Ecology, 
56, 273-287. 
GUPTA, V. V. S. R. 1994. The impact of soil and crop management practices on the 
dynamics of soil microfauna and mesofauna. 
41 
 
HARDIE, M. A. & COTCHING, W. E. 2009. Effects of application of poppy waste on 
spinach yields, soil properties, and soil carbon sequestration in southern Tasmania. 
Australian Journal of Soil Research, 47, 478-485. 
HAYNES, R. J. & NAIDU, R. 1998. Influence of lime, fertilizer and manure applications 
on soil organic matter content and soil physical conditions: a review. Nutrient 
Cycling in Agroecosystems, 51, 123-137. 
HINSINGER, P., BENGOUGH, A. G., VETTERLEIN, D. & YOUNG, I. M. 2009. 
Rhizosphere: biophysics, biogeochemistry and ecological relevance. Plant and Soil, 
321, 117-152. 
HORNER-DEVINE, M. C., CARNEY, K. M. & BOHANNAN, B. J. M. 2004. An 
ecological perspective on bacterial biodiversity. Proceedings of the Royal Society B-
Biological Sciences, 271, 113-122. 
HULSMANN, A. & WOLTERS, V. 1998. The effects of different tillage practices on soil 
mites, with particular reference to Oribatida. Applied Soil Ecology, 9, 327-332. 
HULUGALLE, N. R., WEAVER, T. B. & FINLAY, L. A. 2012. Carbon inputs by wheat 
and vetch roots to an irrigated Vertosol. Soil Research, 50, 177-187. 
IVES, S. W., COTCHING, W. E., SPARROW, L. A., LISSON, S. & DOYLE, R. B. 2011. 
Plant growth and soil responses to soil applied organic materials in Tasmania, 
Australia. Soil Research, 49, 572-581. 
JAYAWARDANE, N. S., BLACKWELL, J. & STAPPER, M. 1987. Effect of changes in 
moisture profiles of a transitional red-brown earth with surface and slotted gypsum 
applications on the development and yield of a wheat crop. Australian Journal of 
Agricultural Research, 38, 239-251. 
JAYAWARDANE, N. S. & CHAN, K. Y. 1994. The management of soil physical-
properties limiting crop production in Australian sodic soils - a review. Australian 
Journal of Soil Research, 32, 13-44. 
KAUTZ, T., LOPEZ-FANDO, C. & ELLMER, F. 2006. Abundance and biodiversity of soil 
microarthropods as influenced by different types of organic manure in a long-term 
field experiment in Central Spain. Applied Soil Ecology, 33, 278-285. 
KIBBLEWHITE, M. G., RITZ, K. & SWIFT, M. J. 2008. Soil health in agricultural systems. 
Philosophical Transactions of the Royal Society B-Biological Sciences, 363, 685-
701. 
KING, K. L. & HUTCHINSON, K. J. 2007. Pasture and grazing land: assessment of 
sustainability using invertebrate bioindicators. Australian Journal of Experimental 
Agriculture, 47, 392-403. 
KLEPPER, B. 1991. Crop root-system response to irrigation. Irrigation Science, 12, 105-
108. 
LEE, K. E. & FOSTER, R. C. 1991. Soil fauna and soil structure. Australian Journal of Soil 
Research, 29, 745-775. 
LEE, K. E. & PANKHURST, C. E. 1992. Soil organisms and sustainable productivity. 
Australian Journal of Soil Research, 30, 855-892. 
LESKIW, L. A., WELSH, C. M. & ZELEKE, T. B. 2012. Effect of subsoiling and injection 
of pelletized organic matter on soil quality and productivity. Canadian Journal of 
Soil Science, 92, 269-276. 
LISSON, S. N. & COTCHING, W. E. 2011. Modelling the fate of water and nitrogen in the 
mixed vegetable farming systems of northern Tasmania, Australia. Agricultural 
Systems, 104, 600-608. 
MACEWAN, R. 2007. Physical constraints the major issue for the high-rainfall zone 
[Online].  [Accessed]. 
42 
MALIK, M. A., KHAN, K. S., MARSCHNER, P. & ALI, S. 2013. Organic amendments 
differ in their effect on microbial biomass and activity and on P pools in alkaline 
soils. Biology and Fertility of Soils, 49, 415-425. 
MANHAES, C. M. C., GAMA-RODRIGUES, E. F., MOCO, M. K. S. & GAMA-
RODRIGUES, A. C. 2013. Meso- and macrofauna in the soil and litter of 
leguminous trees in a degraded pasture in Brazil. Agroforestry Systems, 87, 993-
1004. 
MCDONALD, D. & RODGERS, D. 2010. Soils Alive! Understanding and Managing Soil 
Biology on Tasmanian Farms, Hobart, State of Tasmania. 
MCDONALD, G. K., TAYLOR, J. D., VERBYLA, A. & KUCHEL, H. 2012. Assessing 
the importance of subsoil constraints to yield of wheat and its implications for yield 
improvement. Crop & Pasture Science, 63, 1043-1065. 
MCFARLANE, D. J. & COX, J. W. 1992. Management of excess water in duplex soils. 
Australian Journal of Experimental Agriculture, 32, 857-864. 
MCHUGH, A. D., TULLBERG, J. N. & FREEBAIRN, D. M. 2009. Controlled traffic 
farming restores soil structure. Soil & Tillage Research, 104, 164-172. 
MCPHEE, J. E., AIRD, P. L., HARDIE, M. A. & CORKREY, S. R. 2015. The effect of 
controlled traffic on soil physical properties and tillage requirements for vegetable 
production. Soil & Tillage Research, 149, 33-45. 
MUELLER, B. R., BEARE, M. H. & CROSSLEY, D. A. 1990. Soil mites in detrital food 
webs of conventional and no-tillage agroecosystems. Pedobiologia, 34, 389-401. 
NIELSEN, U. N., OSLER, G. H. R., VAN DER WAL, R., CAMPBELL, C. D. & 
BURSLEM, D. 2008. Soil pore volume and the abundance of soil mites in two 
contrasting habitats. Soil Biology & Biochemistry, 40, 1538-1541. 
NORTHCOTE, K. H., HUBBLE, G. D., ISBELL, R. F., THOMPSON, C. H. & BETTANY, 
E. 1975. A Description of Australian Soils, Victoria, CSIRO.
NUTTALL, J. G., DAVIES, S. L., ARMSTRONG, R. A. & PEOPLES, M. B. 2008. Testing 
the primer-plant concept: wheat yields can be increased on alkaline sodic soils when 
an effective primer phase is used. Australian Journal of Agricultural Research, 59, 
331-338.
OSLER, G. H. R., VAN VLIET, P. C. J., GAUCI, C. S. & ABBOTT, L. K. 2000. Changes 
in free living soil nematode and microarthropod communities under a canola-wheat-
lupin rotation in Western Australia. Australian Journal of Soil Research, 38, 47-59. 
PAOLETTI, M. G., OSLER, G. H. R., KINNEAR, A., BLACK, D. G., THOMSON, L. J., 
TSITSILAS, A., SHARLEY, D., JUDD, S., NEVILLE, P. & D'INCA, A. 2007. 
Detritivores as indicators of landscape stress and soil degradation. Australian 
Journal of Experimental Agriculture, 47, 412-423. 
PARISI, V., MENTA, C., GARDI, C., JACOMINI, C. & MOZZANICA, E. 2005. 
Microarthropod communities as a tool to assess soil quality and biodiversity: a new 
approach in Italy. Agriculture Ecosystems & Environment, 105, 323-333. 
PASSIOURA, J. B. 1992. Overview of the processes limiting crop production on duplex 
soils. Australian Journal of Experimental Agriculture, 32, 987-990. 
PERIES, R. R. & GILL, J. S. The synergy of raised beds, controlled traffic, minimum tillage 
and stubble retention deliver higher water use efficiency in South West Victoria, 
Australia.  World Congress on Conservation Agriculture, 2011. 
REAL, D., SANDRAL, G. A., REBUFFO, M., HUGHES, S. J., KELMAN, W. M., 
MIERES, J. M., DODS, K. & CROSSA, J. 2012. Breeding of an early-flowering and 
drought-tolerant Lotus corniculatus L. variety for the high-rainfall zone of southern 
Australia. Crop & Pasture Science, 63, 848-857. 
43 
 
ROPER, M. M. & GUPTA, V. V. S. R. 1995. Management Practices and Soil Biota. 
Australian Journal of Soil Research, 33, 321-339. 
SALE, P. W. G. & MALCOLM, B. 2014. The economics of subsoil manuring - the numbers 
are out. 2014 Victorian GRDC Grains Research Update for Advisers. Victoria: 
GRDC. 
SCHARROBA, A., KRAMER, S., KANDELER, E. & RUESS, L. 2016. Spatial and 
temporal variation of resource allocation in an arable soil drives community structure 
and biomass of nematodes and their role in the micro-food web. Pedobiologia, 59, 
111-120. 
SCHNEIDER, K. & MARAUN, M. 2009. Top-down control of soil microarthropods - 
Evidence from a laboratory experiment. Soil Biology & Biochemistry, 41, 170-175. 
SOANE, B. D. 1990. The role of organic-matter in soil compacitibility - a review of some 
practical aspects. Soil & Tillage Research, 16, 179-201. 
SOONG, J. L., VANDEGEHUCHTE, M. L., HORTON, A. J., NIELSEN, U. N., DENEF, 
K., SHAW, E. A., DE TOMASEL, C. M., PARTON, W., WALL, D. H. & 
COTRUFO, M. F. 2016. Soil microarthropods support ecosystem productivity and 
soil C accrual: Evidence from a litter decomposition study in the tallgrass prairie. 
Soil Biology & Biochemistry, 92, 230-238. 
SRIVASTAVA, D. & CHEN, Y. 2012. Dichotomous Key for Microarthropod Identification 
[Online]. Available: http://www.zoology.ubc.ca/~srivast/mites/key.html [Accessed 
2016]. 
THORUP-KRISTENSEN, K. & VAN DEN BOOGAARD, R. 1999. Vertical and horizontal 
development of the root system of carrots following green manure. Plant and Soil, 
212, 145-153. 
TREONIS, A. M., AUSTIN, E. E., BUYER, J. S., MAUL, J. E., SPICER, L. & ZASADA, 
I. A. 2010. Effects of organic amendment and tillage on soil microorganisms and 
microfauna. Applied Soil Ecology, 46, 103-110. 
TURNER, N. C. 1992. Crop production on duplex soils - an introduction. Australian Journal 
of Experimental Agriculture, 32, 797-800. 
VAN STRAALEN, N. M. 1998. Evaluation of bioindicator systems derived from soil 
arthropod communities. Applied Soil Ecology, 9, 429-437. 
VREEKEN-BUIJS, M. J., HASSINK, J. & BRUSSAARD, L. 1998. Relationships of soil 
microarthropod biomass with organic matter and pore size distribution in soils under 
different land use. Soil Biology & Biochemistry, 30, 97-106. 
WESTERVELD, S. M., MCKEOWN, A. W. & MCDONALD, M. R. 2006. Distribution of 
nitrogen uptake, fibrous roots and nitrogen in the soil profile for fresh-market and 
processing carrot cultivars. Canadian Journal of Plant Science, 86, 1227-1237. 
WONG, M. T. F. & ASSENG, S. 2007. Yield and environmental benefits of ameliorating 
subsoil constraints under variable rainfall in a Mediterranean environment. Plant and 
Soil, 297, 29-42. 
WOOD, M. 1989. Soil Biology, New York, Chapman & Hall. 
YOUNG, I. M. & CRAWFORD, J. W. 2004. Interactions and self-organization in the soil-
microbe complex. Science, 304, 1634-1637. 
ZACCARDELLI, M., VILLECCO, D., CELANO, G. & SCOTTI, R. 2013. Soil amendment 
with seed meals: Short term effects on soil respiration and biochemical properties. 
Applied Soil Ecology, 72, 225-231. 
ZHANG, H., TURNER, N. C., POOLE, M. L. & SIMPSON, N. 2006. Crop production in 
the high rainfall zones of southern Australia - potential, constraints and 
opportunities. Australian Journal of Experimental Agriculture, 46, 1035-1049. 
44 
ZHANG, H. M. & FORDE, B. G. 2000. Regulation of Arabidopsis root development by 
nitrate availability. Journal of Experimental Botany, 51, 51-59. 
45 
Appendix 1 




Control Ripped Only 






















Mites and Collembola 
Mesostigmatid 
(predator mites) 
449.3 35 245.7 30.0 394.7 2001.7 268.3 47.0 
Oribatid  
(herbivorous mites) 
80.7 37.7 44 28.7 50.7 67.7 35.0 30.7 
Collembola 
(springtails) 
406.0 25.3 454 13.7 382 298.0 192.3 29.7 
Coleoptera  
(beetle larvae) 
7 0.3 4 - 4.3 0.7 1.3 - 
Lumbricidae 
(earthworms) 
- 0.7 1.3 0.3 3.3 3.7 - 1 
Psocoptera (booklice) 6 0.7 1.7 - 5 1.3 2.3 - 
Chilopoda (centipedes) 0.3 - - - 0.7 - - - 
Nematoda 18.7 0.7 12.7 0.7 19.3 0.7 32.7 1.3 
Symphyla 0.3 0.3 0.3 1 - 0.7 0.3 - 
WOOLLEN PARK 
Treatment 
Control Ripped Only 






















Mites and Collembola 
Mesostigmatid 
(predator mites) 
40.0 10.3 26.7 4 213.7 95 37.7 61.7 
Oribatid  
(herbivorous mites) 
79.0 95.3 26 24.7 44.3 27 43.7 51.3 
Collembola 
(springtails) 
31.7 18.0 19.3 10.7 12.7 10.7 38.3 23.7 
Coleoptera  
(beetle larvae) 
2.7 - 0.7 - 0.3 - 0.3 - 
Lumbricidae 
(earthworms) 
1 - 2.3 0.3 4.7 0.7 0.3 0.3 
Araneae (spiders) - - - - 0.3 - - - 
Diplopoda (millipedes) - - - - 0.3 - - - 
Psocoptera (booklice) 1.3 - 0.3 - 2.7 - 4 0.7 
Chilopoda (centipedes) 1.7 - 1 - 2.3 - 1 - 
Nematoda 1.3 0.7 - 0.3 - - 1.7 0.3 
Symphyla - - - - - 0.3 - - 




























Mites and Collembola 
Mesostigmatid 
(predator mites) 
216.7 126.3 167.3 116.7 168.7 501 214 404 
Trombidiformes 
(‘sucking’ mites) 
39.0 31.3 23.7 33.7 20.7 11.7 18.7 35.0 
Oribatid  
(herbivorous mites) 
121.7 314.0 89.3 227.7 54.7 613.7 63.0 362.7 
Collembola 
(springtails) 
464.7 226.3 575.7 83.0 431.7 166 332.0 142.3 
Coleoptera  
(beetle larvae) 
0.7 - 1 - - 0.3 2 - 
Lumbricidae 
(earthworms) 
- - - 1 - - - - 
Enchytraed 
(small worms) 
- 1.7 - 0.3 - 1 - 1 
Araneae (spiders) 1.3 - 3 - 4 2 3.7 - 
Psocoptera (booklice) 0.3 1 1.3 1 0.7 0.3 - - 
Nematoda 0.3 - 0.7 1 0.3 - 0.3 0.3 
Symphyla 0.3 14 - 2.7 - 3.3 - 1.7 
Hemiptera 0.3 - - 0.7 - - - 0.3 
